All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Cholestasis is a pathologic condition where bile flow from the liver to the duodenum is impaired, clinically expressed by pruritus, jaundice, pale stool and dark urine. It can be attributed to two different basic distinctions \[[@pone.0162286.ref001]\]. Cholestasis can be related to parenchymal hepatic damage, associated with viral hepatitis or metabolic diseases. In the latter case disturbances in bile formation are caused by either genetic defects or are acquired in the context of medication or toxicity \[[@pone.0162286.ref002]--[@pone.0162286.ref004]\]. In contrast, during an obstructive type of cholestasis a mechanical blockage of the duct system is a result of various pathologic conditions. Among gallstones or malignancy, so called chronic cholangiopathies can also impair biliary drainage, the two representative disease conditions are primary sclerosing cholangitis (PSC) and primary biliary cirrhosis (PBC). PSC is characterized by inflammation of the bile ducts (cholangitis), encompassing peribiliary strictures and sclerosis due to fibrous scar formation, resulting in impaired bile flow and consecutive chronic liver injury culminating in liver cirrhosis \[[@pone.0162286.ref005]\]. In contrast to PSC, PBC is an autoimmune disease of the liver, characterized by slow progressive destruction of the small bile ducts of the liver, with the intralobular ducts and the Canals of Hering (intrahepatic ductules) affected early in the disease \[[@pone.0162286.ref006]\].

Cholangiopathies range among the leading causes of liver transplantation in paediatric and adult patients worldwide \[[@pone.0162286.ref007]\]. They can be triggered genetically such as Alagille´s syndrome and Cystic Fibrosis. Furthermore, various infectious conditions of bacterial, fungal, parasitic and viral origin can also induce cholangitis. While PSC and PBC are assumed to be mediated immunologically, its histological pendant, secondary sclerosing cholangitis (SSC)\[[@pone.0162286.ref008]\] is a result of obstruction or injury of the biliary tree \[[@pone.0162286.ref009]\]. Eventually, PSC and SSC, both very well characterized and clinically relevant representatives of chronic cholangiopathies lead to biliary fibrosis and cirrhosis \[[@pone.0162286.ref010]\]. Both diseases share common histopathological features including the presence of progressive damage leading to atrophy of medium- and large-size bile ducts. This is followed by compensatory cholangiocytic proliferation, referred to as ductular reaction (DR) \[[@pone.0162286.ref011]\], which is associated with periductular fibrosis and inflammation \[[@pone.0162286.ref012]\].

The 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet induces a cholangiopathy and is well validated to study the mechanisms of chronic cholangiopathies. DDC feeding leads to increased biliary porphyrin deposition associated with a pericholangitis, macrophage accumulation and activation of periductal myofibroblasts, eventually leading to a biliary type of fibrosis with an atypical ductular reaction \[[@pone.0162286.ref013]\].

Both human and DDC-induced murine cholangiopathies, are characterized by an "atypical" irregular proliferation of intrahepatic bile ducts, not only confined to portal areas but also sprouting into periportal and parenchymal regions, also known as a type II ductular reaction\[[@pone.0162286.ref014]\]. In affected patients, this is preceded by a type I reaction, regarded as an early stage of cholestatic liver disease, while type II refers to ductular metaplasia of liver cell plates, predominantly observed under chronic cholestatic conditions \[[@pone.0162286.ref015], [@pone.0162286.ref016]\]. We hypothesized that a persistent inflammatory response promotes progression from a typical biliary proliferation to an atypical biliary metaplasia and set out to investigate if inhibition of the inflammatory process would attenuate this process. To this end, we depleted macrophages by administration of liposome encapsulated Clodronate (CLO^Lipo^), as previously described by Van Rooijen *et al*. \[[@pone.0162286.ref017]\].

We report here that macrophage depletion in a murine model of chronic cholangiopathy results in a significant attenuation of DDC-induced changes within the portal and periportal micro-architecture. Macrophage depletion was associated with a more confined ductular reaction, resembling a DR type I\[[@pone.0162286.ref014]\]. In contrast, DDC treatment in mice without macrophage depletion induced an atypical ductular reaction, with sprouting of non-functional, poorly differentiated intrahepatic bile ductular structures, resembling a DR type II observed in patients suffering from late-stage cholangitis. These data suggest that macrophages sustain a persistent inflammatory response that promotes the transition from a type I to a type II DR.

Results {#sec002}
=======

DDC diet induces biliary damage in mice {#sec003}
---------------------------------------

In mice fed with the DDC diet for 14 days (see **[S1 Fig](#pone.0162286.s001){ref-type="supplementary-material"}** for the experimental setting), elevated serum levels of bilirubin, a marker of biliary injury and cholestasis in general, resemble the alterations described in human cholestatic liver diseases (**[Fig 1A and 1B](#pone.0162286.g001){ref-type="fig"}**). In these animals, DDC feeding induced cholangitis with increasing periductular fibrosis (Sirius Red positive collagen fibers), accumulation of macrophages (F4/80) and a pronounced DR (CK19^+^) over time (**[Fig 1C](#pone.0162286.g001){ref-type="fig"}**). In healthy mice, macrophages are randomly distributed in the liver parenchyma and accumulate after DDC treatment in periportal regions, inducing a local inflammatory response. In addition, there are only few CK19 positive bile ducts per portal tract in control mice, which markedly increase in size and number upon DDC treatment (**[Fig 1C](#pone.0162286.g001){ref-type="fig"}**). In DDC fed mice, these accumulating CK19 positive cells aggregate around the portal area organized in pseudoducts around a (pseudo) lumen. mRNA levels of F4/80, CK19, collagen-1, laminin (Lamc1) and α-smooth muscle actin (α-SMA, marker of hepatic stellate cell activation) support the histological findings (see **[S2 Fig](#pone.0162286.s002){ref-type="supplementary-material"})**, as well as the morphometric analysis (**[Fig 1C](#pone.0162286.g001){ref-type="fig"}**) and suggest that this cascade of events starts with a clinically relevant liver injury, here assessed by increased ALT and bilirubin serum levels (**[Fig 1A](#pone.0162286.g001){ref-type="fig"}**). Onset of cholestasis (bilirubin increase) and upregulation of F4/80- and α-SMA-mRNA levels were already recorded at day 7 (**[S2 Fig](#pone.0162286.s002){ref-type="supplementary-material"}**), while a clear increase in collagen deposition, CK19-positive cells and laminin expression was detected at day 14.

![DDC diet induces biliary damage in mice.\
(A) Bilirubin and ALT serum levels were measured from control animals and after 7 and 14 days of DDC-diet with a clinical chemistry module. (B, C) Liver sections of control animals and mice subjected to DDC-Diet for 7 and 14 days were stained with HE, anti-F4/80 Ab, anti-CK19 Ab, Sirius Red and anti- Laminin Ab as described in material and methods. All images were taken in 40x original magnification. The percentage of F4/80-, CK19-, PicroSirius- and Laminin -positive area per field was assessed as described in detail in materials and methods section. All data are presented as mean ± SEM for n = 5/group, \*p\<0.05 and \*\*\*p\<0.001.](pone.0162286.g001){#pone.0162286.g001}

Macrophage depletion preserves a type I ductular reaction in DDC fed mice {#sec004}
-------------------------------------------------------------------------

Injection of liposomal clodronate (CLO^Lipo^) is a widely used tool to assess the impact of macrophage absence on liver injury. When applied in mouse models of hepatocyte injury, the biliary epithelial cells form bile duct-like structures instead of infiltrating the parenchyma to regenerate hepatocytes \[[@pone.0162286.ref018], [@pone.0162286.ref019]\]. No such experiments have been carried out in models of cholestatic injury. To investigate the impact of macrophage depletion on the DR induced by a DDC diet we first administered CLO^Lipo^ at the start of the DDC diet and analyzed the mice 7 days later. One injection of CLO^Lipo^ resulted in an almost complete absence of F4/80 positive cells, a strong reduction of the DR and less myofibroblast (αSMA) and ECM production in livers of DDC-treated mice (**[S5](#pone.0162286.s005){ref-type="supplementary-material"} and [S6](#pone.0162286.s006){ref-type="supplementary-material"} Figs)**. This suggests that macrophages are needed to induce the DR in this mouse model of cholestasis.

We then asked whether an already established DR could be influenced by macrophage depletion and employed a single injection of CLO^Lipo^ at day 7 of a 14d DDC treatment, PBS liposomes were used as a control (PBS^Lipo^). HE staining clearly visualized obstruction of bile ducts by porphyrin plugs during all scenarios of the 14 days DDC treatment (**Figs [1B](#pone.0162286.g001){ref-type="fig"} and [2A](#pone.0162286.g002){ref-type="fig"}**). No significant decrease in bilirubin levels was observed when DDC mice were treated with CLO^Lipo^, suggesting that the billiary injury was not affected. However, ALT levels suggest that co-treatment does result in more hepatotoxicity (**[Fig 2A](#pone.0162286.g002){ref-type="fig"}**). While in control mice, F4/80^+^ macrophages were scattered randomly throughout the liver parenchyma, in animals that received PBS^Lipo^ during the last 7 days of DDC treatment the F4/80^+^ cells showed a shift from the parenchyma to the periductular region of the portal tracts at 14 days of DDC treatment, whereas CLO^Lipo^ co-treatment induced an overall reduction of macrophage numbers (**[Fig 2B](#pone.0162286.g002){ref-type="fig"}**). Compared to PBS^Lipo^, co-treatment with CLO^Lipo^, resulted in an attenuated periductular and diminished porto-portal fibrosis at 14 days of DDC treatment. The overall amount of extracellular matrix (ECM) deposition, represented by Sirius Red and laminin positive area, was significantly reduced under CLO^Lipo^ co-treatment compared to co-administration of PBS^Lipo^ (**[Fig 2B](#pone.0162286.g002){ref-type="fig"}**). Histological findings were supported by morphometric analysis (**[Fig 2B](#pone.0162286.g002){ref-type="fig"}**) and mRNA level quantification (**[S3 Fig](#pone.0162286.s003){ref-type="supplementary-material"}**). Interestingly, a concomitant decrease of α-SMA and TGF-β-mRNA levels, as well as a reduced NTPD2-mRNA level (**[S4 Fig](#pone.0162286.s004){ref-type="supplementary-material"}**) was also observed, indicating an overall inhibition of myofibroblast formation in CLO^Lipo^ co-treated mice.

![Macrophage depletion attenuates activation of myofibroblast like cells and preserves a type I ductular reaction in DDC fed mice.\
(A) Bilirubin and ALT serum levels were measured from control animals and mice subjected to a 14 day DDC diet in co-treatment with either CLO^Lipo^ or PBS^Lipo^ at experimental day 7. (B) Liver sections were stained with HE, anti-F4/80 Ab, anti-CK19 Ab, Sirius Red, anti-Laminin Ab and anti-alpha-Sma Ab as described in material and methods. All single stained images were taken in 20x, original magnification. Orange arrow indicate irregular CK19^+^ cell clusters migrating from the portal tract into parenchyma or porto-portal (Type II DR). The percentage of F4/80-, CK19-, Sirius red-, Laminin- and αSma- positive area per field was assessed as described in materials and methods. All data are presented as mean ± SEM for n = 5/group. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.](pone.0162286.g002){#pone.0162286.g002}

Mice subjected to 14 days of DDC diet **([Fig 1B](#pone.0162286.g001){ref-type="fig"})** and PBS^Lipo^ revealed clusters of CK19^+^ cells assembled in irregular ductule-like or circular structures. In addition, some CK19^+^ aggregates were budding from proliferative (pseudo)-ducts, elongating and radiating from the portal region into the lobule (orange arrow in **[Fig 2B](#pone.0162286.g002){ref-type="fig"}**). In general, CK19^+^ cells were found to form amorphous ductular structures with a superposition of cells irregular in morphology and size encircling a poorly defined lumen reminiscent of a type II DR. In contrast, co-treatment with CLO^Lipo^ led to a portal restriction, where the (pseudo)-ducts expanded along the portal vein instead of growing towards the lobule (**[Fig 2B](#pone.0162286.g002){ref-type="fig"}**). Parenchymal radiation by the formation of filamentous elongations as observed in the PBS^Lipo^ treated group was barely seen in the CLO^Lipo^ livers, further emphasizing the portal restriction resulting from macrophage depletion. The biliary structures were strictly organized in monolayer, ring-shaped structures, giving the impression of a type I DR.

Macrophage depletion attenuates ECM deposition in DDC fed mice {#sec005}
--------------------------------------------------------------

Deposition of ECM is a prerequisite for CK19^+^ cells to migrate away from the portal vein \[[@pone.0162286.ref020]\]. Mice treated with PBS^Lipo^ during the last 7 days of DDC treatment exhibited laminin deposition, usually confined to the basal laminae and expanding from the perivascular and periductular vicinity into the lobule (**Figs [2B](#pone.0162286.g002){ref-type="fig"} and [3A](#pone.0162286.g003){ref-type="fig"}**). In contrast, in CLO^Lipo^ mice, laminin envelopes the proliferating biliary structures without radiating into the parenchyma. Co-staining for CK19 and laminin revealed newly arising ductular proliferations chaperoned by laminin structures in CLO^Lipo^ mice. This observation is strongly supported by a positive correlation between the increasing distances of CK19^+^ cell clusters from the center of a portal vein to the overall laminin positive area/field (**[Fig 3B and 3C](#pone.0162286.g003){ref-type="fig"} and [S7 Fig](#pone.0162286.s007){ref-type="supplementary-material"}**).

![Overall amount of laminin matrix deposition and maximum migration distance of CK19 positive cell clusters is positively correlated.\
(A) Liver sections of control animals and mice subjected to a 14 day DDC-Diet in co-treatment with either CLO^Lipo^ or PBS^Lipo^ at experimental day 7, were co-stained with CK19/Laminin to assess the correlation between CK19^+^ cell clusters and ECM. (B) Positive correlation between overall amount of laminin matrix deposition. (C) Maximum migration distance of CK19^+^ cell clusters from the portal vicinity into the lobule. All stainings and quantifications were performed as described in materials and methods. All data are presented as mean ± SEM for n = 5/group, \*p\<0.05 and \*\*\*p\<0.001.](pone.0162286.g003){#pone.0162286.g003}

Macrophages modulate the proliferative status of CK19^+^ cells {#sec006}
--------------------------------------------------------------

In the adult healthy liver, the majority of cholangiocytes is arrested in the G0 phase of the cell cycle \[[@pone.0162286.ref021], [@pone.0162286.ref022]\]. During the course of chronic cholestatic liver diseases, cholangiocytes proliferate to compensate for the anatomical and functional loss of injured biliary ducts \[[@pone.0162286.ref023]\]. While the number of CK19^+^ cells was clearly upregulated by DDC treatment, there was a significant reduction in the overall amount of CK19^+^ cells due to co-treatment with CLO^Lipo^ (**[Fig 2B](#pone.0162286.g002){ref-type="fig"}**). To investigate this further, we visualized the proliferation of CK19^+^ ductular structures by co-staining with Ki-67. After 14 days of DDC treatment there was a clear increase in Ki-67^+^/CK19^+^ cells (**[Fig 4A and 4B](#pone.0162286.g004){ref-type="fig"}**). In PBS^Lipo^ treated mice, the inner and outer zone of the portal vein contained numerous Ki-67^+^/CK19^+^ typical and atypical ductular structures. In CLO^Lipo^ treated mice, abundance of Ki-67^+^/CK19^+^ cells was lower, compared to their PBS^Lipo^ treated littermates. Interestingly, Ki-67^+^ cells were completely absent in ductules in the outer zone in mice that were treated with CLO^Lipo^ during the last half of the 14 days DDC treatment. This latter finding could not be attributed to increased apoptosis, since TUNEL staining demonstrated no significant difference in cell death (hepatocyte and cholangiocyte) between PBS or CLO treated DDC animals (**[Fig 4C](#pone.0162286.g004){ref-type="fig"}**).

![Under macrophage depletion proliferation of CK19 positive ductules in the portal region is inhibited.\
(A) Liver sections of the same mouse collective were co-stained with CK19/Ki67 to visualize the proliferation index. All images were taken in 40x original magnification. PV = Portal vein. White arrow indicating porphyrin deposition. (B) To quantify the proliferation index, the quantity of Ki 67-positive cells/field was determined. (C) To obtain the extent of apoptosis, TUNEL stainings were carried out (**[S8 Fig](#pone.0162286.s008){ref-type="supplementary-material"})** and the amount of TUNEL pos. cells per field was quantified. All stainings and quantifications were performed as described in materials and methods. All data are presented as mean ± SEM for n = 5/group, \*\*\*p\<0.001.](pone.0162286.g004){#pone.0162286.g004}

Discussion {#sec007}
==========

It is clear that in chronic cholestatic liver diseases the primary target region of injury is the biliary epithelium, but the underlying pathophysiological mechanisms leading to the disease are still not entirely understood\[[@pone.0162286.ref021], [@pone.0162286.ref022]\]. Cholangiocellular proliferation to compensate for the loss of functional cholangiocytes in combination with varying degrees of inflammation and fibrosis are common in all cholangiopathies. During earlier stages, the "typical" compensatory hyperplasia of intrahepatic bile ducts is confined to portal spaces (type I DR) \[[@pone.0162286.ref024], [@pone.0162286.ref025]\], a progression to an "atypical" or irregular biliary proliferation can occur with ongoing disease. The latter includes proliferation of new intrahepatic bile ducts in direct proximity to the portal vein accompanied by a sprouting of functionally ineffective and amorphous ductular proliferates into the liver lobule (type II DR). To prevent disease progression, the development of a targeted treatment option is needed. We show that macrophage-depletion can prevent disease progression; i) activation of myofibroblast-like cells was attenuated, ii) ductular proliferates were confined to the portal region and newly arising CK19^+^ cell clusters remained more committed to a biliary phenotype. These findings suggest that macrophages play a key role in driving progression from a type I DR to a type II DR in this mouse model of advanced cholangiopathy (schematically represented in **[Fig 5](#pone.0162286.g005){ref-type="fig"})**.

![Schematic representation of the effect of macrophage depletion during DDC diet administration.\
DDC diet promotes a ductular reaction (DR) budding from resident bile ducts (rBD) chaperoned by laminin rich matrix. In PBS^Lipo^ co-treated mice (from day 7 onwards), a DR type II can be observed with CK19^+^ cells either forming amorphous bile ducts, clusters with pseudoluminae or rosettes, sprouting into the lobule. CLO^Lipo^ co-treatment (from day 7 onwards) preserves a type I DR, comprising confined ductular proliferates in proximity to the portal vein (PV). The newly budding CK19^+^ cells create more differentiated, bile ductular structures with regular concentric luminae.](pone.0162286.g005){#pone.0162286.g005}

To investigate the interplay of different cell compartments during cholangiopathy progression, we used a xenobiotic-induced animal model resembling histological and clinical characteristics of chronic human cholangiopathic diseases. Human cholangiopathies are characterized by cholestasis, periportal inflammation and fibrosis accompanied by cholangiocyte proliferation \[[@pone.0162286.ref026]\]. Compared to bile duct ligation, which is commonly utilized as a surgical model of cholestatic liver diseases, the administration of a DDC diet comprises higher reproducibility and superior survival rates \[[@pone.0162286.ref027]\]. Consistent with the observations of Fickert *et al*. \[[@pone.0162286.ref013]\] we demonstrate that the DDC diet leads to increased biliary porphyrin deposition, pericholangitis, macrophage accumulation and activation of periductal myofibroblasts, eventually leading to a biliary type fibrosis with an atypical (type II) ductular reaction \[[@pone.0162286.ref013]\] and neo-vascularisation \[[@pone.0162286.ref028]\].

Macrophages have been shown to play a pivotal role in the progression of chronic cholangiopathies, predominantly by release of inflammatory cytokines, mediating stellate cell activation, with consecutive ECM deposition and fibrosis, finally culminating in secondary biliary cirrhosis. Previously, we have shown that depletion of immunocompetent cells significantly attenuated stellate cell activation\[[@pone.0162286.ref029]\] and that in a murine model of hepatic injury CLO^Lipo^ mediated macrophage depletion significantly attenuated ECM deposition\[[@pone.0162286.ref019]\]. Our current results show that macrophages also have this hepatic stellate cell inducing role during chronic cholangiopathies. Further investigation of these activated hepatic stellate cells reveals that they are the main laminin expressing cells in these 2 week DDC-injured mice when compared to hepatocytes, macrophages, liver sinusoidal endothelial cells and biliary epithelial cells (**[S9 Fig](#pone.0162286.s009){ref-type="supplementary-material"}**). In vitro, laminin determines the maintenance of the biliary cell phenotype\[[@pone.0162286.ref030]\]. We do not exclude that other cell types, e.g. portal myofibroblasts, might contribute to this increased laminin production and acknowledge that further studies are needed to determine whether in this injury setting laminin production also steers the biliary cell phenotype. In the healthy liver, laminins are predominantly expressed in the basal laminae around vessels and bile ducts. During liver injury they play a key role in tissue regeneration by modulating cell differentiation, migration and adhesion \[[@pone.0162286.ref031], [@pone.0162286.ref032]\]. In mice receiving DDC diet in combination with PBS^Lipo^, we observed that laminin-rich ECM expands from the basal laminae of vessels and bile ducts in a porto-portal and porto-central direction. The co-staining for CK19/laminin suggests that laminin creates a scaffold, embedding the CK19^+^ ductular structures and guiding migration of CK19^+^ cells into the lobule. This is supported by a significant correlation of the maximal migration distance of CK19^+^ cells to the overall amount of laminin deposition.

It is puzzling that in our experimental setting we see a clear inhibition of proliferation in the DDC and CLO^Lipo^ co-treated animals, while previous studies using similar liposomes in mice fed with a CDE diet (hepatocytic injury) did not result in a significant reduction of biliary epithelial cell proliferation \[[@pone.0162286.ref019]\]. The proposed underlying mechanism by which macrophages induce biliary epithelial cell proliferation was addressed over a decade ago; oval cell expansion induced by DDC was significantly reduced in wild-type mice with a blocking anti-TWEAK mAb as well as in Fn14-null mice (TWEAK receptor) \[[@pone.0162286.ref028]\]. These findings were subsequently confirmed in mice fed with a CDE diet using the same KO mice\[[@pone.0162286.ref033]\]. Finally, the Forbes lab showed that the TWEAK responsible for the biliary epithelial cell proliferation is most likely macrophage-deriven\[[@pone.0162286.ref034]\]. The latter finding supports our results in which depletion of the macrophages results in less proliferation, suggesting that the major source of TWEAK during a DDC-induced liver injury is indeed macrophages, while during a CDE-induced injury other cells might compensate. Important for potential therapeutic interventions using CLO^Lipo^ is that both resident macrophages (Kupffer cells) and infiltrating monocyte-derived macrophages can be depleted by these liposomes \[[@pone.0162286.ref035]\]. Further experiments using MCP-1/CCL2 Spiegelmers (mNOX-E36) \[[@pone.0162286.ref036]\], that specifically block recruitment of infiltrating monocytes, could reveal whether resident- or infiltrating macrophages should be targeted in progressive cholangiopathies.

In conclusion, persistent inflammation causes excessive ECM deposition in chronic cholestatic liver disease culminating in biliary cirrhosis. CLO^Lipo^-mediated macrophage depletion in our model could reduce this excessive ECM deposition and the DR progression suggesting that macrophage depletion might be a therapeutic option in progressive cholangiopathies.

Material and Methods {#sec008}
====================

Animal experiments {#sec009}
------------------

All methods, experimental protocols and animal experiments ethics were carried out in accordance with the approved guidelines of the Vrije Universiteit Brussel (VUB, Belgium), conformed to European Guidelines for the Care and Use of Laboratory Animals. All animal experimental protocols were approved by the Ethical Committee of Animal Experimentation of the Vrije Universiteit Brussel (VUB, Belgium) (LA 123 02 12). Temperature, humidity and light-dark cycle (with a day light period from 07.00 a.m. to 19.00 p.m.) controlled conditions were maintained; 5 mice were allocated per cage and allowed food and water *ad libitum* and were routinely tested for background pathogens (QM Diagnostics, Nederland's). After one week of acclimatization, 10-week-old male C57BL/6J mice (Charles River, Belgium) were randomly assigned to different experimental groups (see **[S1 Fig](#pone.0162286.s001){ref-type="supplementary-material"}**). Group I: mice were fed with a 3,5-diethioxycarbonyl-1,4-dihydrocollidine (0,1% wt/wt) (DDC, C14H21NO4, Sigma-Aldrich, 137030, Belgium) containing diet (C1000, Altromin, Lage, Germany) during a time course of 7 and 14 days. Mice used as control animals were fed with diet control (C1000, Altromin, Lage, Germany).

For macrophage depletion during DDC diet administration, mice in group II were co-treated with i.p. injections of CLO^Lipo^ in the test group (200μl/mouse) and in the control group with PBS encapsulated liposomes PBS^Lipo^ (200μl/mouse), respectively (at least 5 mice per group), as explained in **[S1 Fig](#pone.0162286.s001){ref-type="supplementary-material"}.** Liposomes were manufactured as described before \[[@pone.0162286.ref017]\] and the Clodronate concentration was 250mg/ml.

Mice were sacrificed under Pentobarbital anaesthesia (Nembutal^TM^, Ceva). A part of the caudate liver lobe was ligated with surgical silk, excised and snap-frozen for later isolation of RNA. Blood samples were taken from the inferior vena cava. For tissue fixation, we employed transcardial *in situ* perfusion with 4% formalin (10 min. at 7ml/min), preceded by a 5 min. PBS washing step for removal of the majority of blood cells. Livers were excised, collected in 4% formalin solution and embedded in paraffin (Leica TP1020). 4μm sections were cut (Microm, HM340E) and placed on silane coated slides (A3648, Sigma).

Determination of serum parameters {#sec010}
---------------------------------

Blood samples were centrifuged at 2,000g for 10 minutes and stored at -20°C. Serum levels of total bilirubin were determined with a clinical chemistry module (Spotchem EZ SP-4430, Axon Lab AG, Stuttgart, Germany).

Histology and immunohistochemistry {#sec011}
----------------------------------

### Immunohistochemistry {#sec012}

4μm thick slides were deparaffinised and rehydrated. Endogenous peroxidase was blocked by immersion with 3% H~2~O~2~ in methanol for 20 min. Antigen retrieval was either heat mediated (Citrate buffer, PP20-0227, Prosan; pH 6, 95°C, 20 min, cooling at RT for 20 min) or by Proteinase K digestion (Dako, S3004, 10 min. at RT). To block nonspecific binding, slides were treated for 40 min. with 2% BSA (Sigma, A 2153) prior to incubation with the primary antibodies (1h at RT) or secondary antibodies (30min. at RT). See **[S1 Table](#pone.0162286.s010){ref-type="supplementary-material"}** for antibody characteristics. Between incubations, slides were washed with PBS/0.1% Tween for 3 times 5min. Peroxidase activity was detected by diaminobenzidine (MP Biomedicals,150835) or by Vector VIP (Vector Labs, SK-4600). Counterstaining of the slides was carried out either by Hematoxylin or by Methyl Green (Vector Labs, H-3402) according to the manufacturer instructions. Peroxidase stained histological sections were viewed on an Axioskop light microscope (Carl Zeiss, Munich, Germany) and pictures recorded using an Axiocam digital camera (Carl Zeiss). Fluorescent co-stainings (Laminin/CK19, Ki-67/CK19) were analyzed using a confocal fluorescent microscope (Zeiss LSM 710 NLO).

### Picrosirius staining {#sec013}

To assess collagen deposition, 4μm paraffin sections were deparaffinised, rehydrated, and fixed with SUSA's fixative for 1h and stained for 45min. with 0.1% Sirius Red F3BA/0.1% Fast Green FCF (both Sigma) in a saturated picric acid solution.

### TUNEL Staining {#sec014}

Terminal deoxynucleotidyl transferase dUTP nick-end-labeling (TUNEL) staining was performed using the In Situ Cell Death Detection Kit, POD (Roche Diagnostics, Germany) according to the manufacturer's instructions.

### Morphometric quantification {#sec015}

For further morphometric quantification of F4/80, aSMA, Sirius Red, laminin and CK19 (at least 10 photographs/section of 20x magnification), pictures of respective slides were recorded using an Axiocam digital camera (Carl Zeiss). Automated quantification of the percentage of F4/80, αSMA, Sirius Red, Laminin and CK19 positive pixels/field was performed with ImageJ-Fiji software (<http://fiji.sc/>).

The algorithm for determination of the maximum distance from the center of a portal vein to the most remote corresponding bile duct and the normalisation of the overall CK19 positive area to the surface area of the corresponding portal vein are explained in detail in **[S7 Fig](#pone.0162286.s007){ref-type="supplementary-material"}**.

mRNA analysis {#sec016}
-------------

Frozen mouse liver tissue was grinded to powder in liquid nitrogen and dissolved in lysis buffer containing 0.1% ß-Mercaptoethanol. Total RNA from tissue cultured cells was extracted using GeneJet^TM^ RNA purification kit (Fermentas, St. Leon-Rot, Germany). RNA was reverse-transcribed using RevertAid^TM^Premium Reverse Transcriptase (Fermentas) at 25°C for 10min., 30min. at 50°C and at 85°C for 5 min. Gene-specific primers and a Universal Probe Library probe were determined using Probe Finder software of Roche ([https://www.roche-applied-science.com](https://www.roche-applied-science.com/)) and produced by Invitrogen and Roche (universal probe library, Mannheim, Germany), respectively (see **[S2 Table](#pone.0162286.s011){ref-type="supplementary-material"}**). Maxima® Probe qPCR Master Mix (Fermentas), 8 μl cDNA template, primer and probe were mixed to a final volume of 20μl and subjected to quantitative PCR (qPCR) in an ABI 7500 Real Time PCR system (Applied Biosystems, Foster City, CA, USA) using 18S ribosomal RNA for normalization. Each qPCR was performed by 40 cycles and melt curves were analyzed to unsure primer specificity. The fold change differences were determined using the comparative threshold cycle method.

Statistical analysis {#sec017}
--------------------

Data were analyzed using SPSS 17 (Statistical Package for Social Sciences, Chicago, IL, USA) licensed to the University of Essen, Germany. Frequencies, mean values (and standard errors of the mean) and proportions were reported when appropriate. Categorial data were compared using the chi-squared test and continuous data by the student's t-test, or, if appropriate by nonparametric tests (ANOVA) and Tukey as an additional multiple comparison test. All p-values calculated were two-tailed; α\<0.05 was considered significant for primary parameters with Bonferroni's correction to control for type I error, if appropriate. Correlations between individual datasets were assessed by univariate analysis where applicable.

Supporting Information {#sec018}
======================

###### Experimental design and time course of DDC diet and administration of liposomes.

(PDF)

###### 

Click here for additional data file.

###### Analysis of mRNA expression levels of F4/80, CK19, Collagen-I, Laminin and αSMA genes in DDC treated mice.

Livers of control animals and mice subjected to a 7 or 14 day DDC-diet were collected. Hepatic mRNA expression of F4/80, CK19, Collagen-1, Laminin (Lamc1) and α-SMA (Acta2) was normalized to GAPDH mRNA as reference gene and expressed in relation to the mean value in untreated controls. All data are presented as mean ± SEM for n = 4/group, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.

(PDF)

###### 

Click here for additional data file.

###### Analysis of mRNA expression levels of F4/80, CK19, Collagen-I, Laminin and αSMA genes in DDC treated mice co-treated with PBS or Clodronate liposomes.

Livers of control animals and mice subjected to a 14 day DDC-diet in co-treatment with either CLO^Lipo^ or PBS^Lipo^ at experimental day 7 were collected. Hepatic mRNA expression of F4/80, CK19, Collagen-1, Laminin (Lamc1) and α-SMA (Acta2) was normalized to GAPDH mRNA as reference gene and expressed in relation to the mean value in untreated controls. All data are presented as mean ± SEM for n = 4/group, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.
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Click here for additional data file.

###### mRNA expression of profibrogenic genes in DDC treated mice.

Hepatic mRNA expression of α-SMA (Acta2), TGF-β (markers of profibrogenic hepatic stellate cell activity) and NTPD2 expressed in relation to the mean value in untreated controls. All data are presented as mean ± SEM for n = 4/group, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.
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Click here for additional data file.

###### Impact of Clodronate in a prophylactic setting.

\(A\) Experimental setting. (B) ALT and Total bilirubin serum levels were measured from control animals and mice subjected to a 7 day DDC diet in co-treatment with either CLO^Lipo^ or PBS^Lipo^ from the beginning of the experiment. Liver sections of the same mice as mentioned above, were stained with HE (C), Picro-Sirius and for F4/80, CK19, Laminin, and α-Sma as described in material and methods (D). All single stained images were taken in 20x, original magnification. All data are presented as mean ± SEM for n = 5/group. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001 compared to controls.
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Click here for additional data file.

###### Morphometric quantification and analysis of mRNA expression of F4/80, CK19, Collagen-I, Laminin and αSMA genes in DDC treated mice co-treated with Clodronate.

Livers of control animals and mice subjected to a 7 day DDC-diet in co-treatment with either CLO^Lipo^ or PBS^Lipo^ at the beginning of the experiments were collected. (A) Morphometric analysis for each corresponding marker presented in S6 Fig. The percentage of F4/80-, CK19-, Sirius red-, Laminin- and αSMA- positive area per field was assessed as described in detail in materials and methods section (B) Hepatic mRNA expression of F4/80, CK19, Collagen-1, Laminin (Lamc1) and α-SMA (Acta2) was normalized to GAPDH mRNA as reference gene and expressed in relation to the mean value in untreated controls. All data are presented as mean ± SEM for n = 4/group, \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001.
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Click here for additional data file.

###### Quantification of CK19^+^ area/portal tract and determination of the most remote CK19^+^ cell cluster/cell from center of portal vein.

To objectify the observation, that Clodronate treatment during DDC food administration results in a more confined localization of the CK19^+^ positive ductular proliferates to the corresponding portal vein, the following measurement algorithm has been developed: Utilizing Zeiss Axio Vision Rel. 4.8 software, the distance between the center of the portal vein and the corresponding most remote CK19^+^ positive cell of a ductular proliferation (max. PV to CK19^+^cell dist.) (porto-ductular distance) within a portal tract was measured. To normalize the measured porto-ductular distance to the diameter of the corresponding portal vein, the calculated radius r = \[(meanD1; D2)/2\] was subtracted from the measured total distance. Preferentially portal tracts with almost circular lumen PV were selected, longitudinally or tangentially cut PV were excluded from evaluation. A minimum of 5 Portal tracts per animal was evaluated.
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Click here for additional data file.

###### Representative images of TUNEL stainings carried out on Control, DDC 14 days co-treated with CLO^Lipo^ or PBS^Lipo^.

The quantification is presented in the main text.
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Click here for additional data file.

###### Laminin is mainly expressed in activated HSCs.

To identify the source of laminin in livers of DDC treated animals we isolated hepatocytes, liver sinusoidal endothelial cells (LSEC), F4/80 positive macrophages (Mφ), hepatic stellate cells (HSC) and biliary epithelial cells (BEC). (A) A schematic representation of the isolation procedure carried out according to Guimaraes et al. (1) and gene expression analysis of Laminin (Lamc1) was performed on all different cell types. Briefly, we dissociate the liver using pronase and collagenase to obtain a single cell suspension. A centrifugation of 50g was performed to dissociate the non-parenchymal fraction from the hepatocytes. Hepatocytes were purified using a percoll gradient centrifugation step. We blocked the non-parenchymal fraction using bovine serum albumin for 10 min and incubated cells with the indicated antibodies for 15 min. After adding propidium iodide we used fluorescent activated cell sorting to isolate LSECs (CD32^+^ F4/80^-^ UV^-^ PI^-^), macrophages (F4/80^+^ CD32^-^ UV^-^ PI^-^), HSCs (UV^+^ CD32^-^ F4/80^-^ PI^-^) and BECs (EpCAM^+^, CD45^-^, UV^-^, PI^-^). (B) Purity control of the isolated cells using gene expression analysis for Cyp3a11(Hepatocytes), Desmin (HSC), F4/80 (macrophages), Stab2 (LSEC), Epcam (BEC) and αSMA (Acta2: activated HSCs) on the different celltypes. Gapdh is used as a reference gene.
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Click here for additional data file.

###### Antibodies used for immunofluorescence (IF), immunohistochemistry *(IHC)* or FACS.
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Click here for additional data file.

###### Oligonucleotides used for RT-qPCR.
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Click here for additional data file.
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